Abstract: During B cell development, two somatic DNA recombination events occur at the immunoglobulin heavy chain loci: VDJ recombination and class switch recombination (CSR). VDJ recombination assembles antigen receptor genes from a pool of gene segments. CSR exchanges the µ constant region of the immunoglobulin heavy chain gene for the other isotypes (γ1, γ2a, γ2b, γ3, α or ε). In both cases, the target specificity of recombination reactions seems to be regulated by structural changes of the target chromatin. In fact, many studies support this notion, called the "accessibility model". In recent years, covalent modifications of histones have gained prominence as epigenetic markers that alter the properties of the associated DNA and contribute to structural changes of the target chromatin. This review focuses on the control of CSR by modulation of accessibility, and the role of histone modifications and germline transcription in CSR.
INTRODUCTION
the immunoglobulin genes [17] [18] [19] [20] . In addition, ectopic expression of AID can induce CSR and SHM on artificial substrates in non-lymphoid cells [21, 22] or hybridoma cells [23] , indicating that AID is the only lymphoid-specific factor required for these processes. Considering the activities by which AID promotes SHM and CSR, AID expression and the loci of SHM and CSR would have to be stringently regulated. Multiple levels of regulation might be required for preventing harmful effects during the course of SHM and CSR [24, 25] . In this review, we discuss the current understanding of the regulation of CSR: the regulation of AID expression, the role of histone acetylation and the role of germline transcription.
Humoral immunity is dependent on the expression of antibodies with specificity for antigen and specialized effector functions. To generate the great diversity of antigen receptors, variable (V), diversity (D) and joining (J) gene segments are assembled through a process known as VDJ recombination during early B cell development [1] [2] [3] [4] [5] [6] [7] . After migration to secondary lymphoid organs, antigen-stimulated mature B cells replace their Cµ constant region gene with other constant region isotypes through a process termed CSR. Therefore, CSR allows the expression of antibodies that have the same antigen specificity but are of a different isotype and therefore have a different effector function [8] [9] [10] [11] [12] [13] [14] .
CHARACTERISTICS OF VDJ RECOMBINATION AND CLASS SWITCH RECOMBINATION
The use of DNA rearrangement to generate the desired diversity and effector function is likely to involve a high risk of chromosome translocation and tumorigenesis. To minimize such risks, these recombination processes might be strictly regulated in vivo.
VDJ recombination is initiated when a complex containing the RAG1 and RAG2 proteins binds to a specific recognition sequence, called the recombination signal sequence (RSS) (Fig. 1a) [1] [2] [3] [4] [5] [6] [7] . The RSS consists of conserved heptamer and nonamer sequences separated by a nonconserved spacer region of 12 or 23 bp. The resultant two types of RSS, named 12-RSS and 23-RSS, contribute critically to the regulation of VDJ recombination: efficient recombination occurs only between a 12-RSS and a 23-RSS (the so-called 12/23 rule) (Fig. 1a) . In the heavy chain locus, the initial recombination occurs between D segments and J segments [6] . Subsequently, V to DJ recombination takes place. These sequential recombination events confer great diversity on the antibody heavy chain gene (Fig. 1a, 1b) .
In VDJ recombination, at least two regulatory mechanisms exist: control of the expression of RAG1/RAG2 recombinase, and control of the accessibility of the substrate DNA to RAG proteins.
In contrast to VDJ recombination, no recombinase for CSR has been identified so far. A putative RNA editing enzyme, called activation-induced cytidine deaminase (AID), is required for CSR and somatic hypermutation (SHM) [15] [16], which promotes high-affinity Ig production by introducing mutations at the antigen recognition region of CSR allows activated B cells to exchange the IgH Cµ exon for an alternative set of C H exons, permitting the Fig. (2) . Structure of germline transcription and the speculated structures formed at transcribed locus. a. Each heavy chain constant region gene except δ has a transcription unit. In all cases, germline transcription initiates from a cytokine inducible (I) promoter, which is upstream of an I exon. The primary transcript is processed to generate the mature transcript. Germline transcripts do not appear to encode proteins, so they are called "sterile transcripts". b. Germline transcription generates stable DNA-RNA hybrids at S regions, in which the non-template strand can assume several characteristic structures (R-loops, Stem loops, G quartets) that are considered to contribute to CSR. expression of different antibody classes. This process is mediated by an intra-chromosomal recombinational event between the switch (S) region of the Cµ region and one of the downstream S regions. As a result, the VDJ exon is juxtaposed with a different downstream C H gene. The intervening DNA is detected as an extra-chromosomal switch circle (Fig. 1c) [8] [9] [10] [11] [12] [13] [14] . The mouse immunoglobulin locus contains eight C H genes, which encode proteins that are capable of different effector functions. CSR is a regionspecific recombination reaction between repetitive G-rich sequences, called the S regions, located upstream of each C H gene except δ (Fig. 1c) . The isotype-targeting specificity of CSR is regulated by extracellular signals such as interleukin-4 (IL-4), interferon-γ (IFN-γ ) and transforming growth factor-β1 (TGF-β1) through the control of germline transcription (GLT) of the target genes. For example, IFN-γ induces the GLT of γ 2a, whereas TGF-β1 induces those of γ 2b and α. On the other hand, IL-4 enhances the CSR to IgG1 and IgE through the induction of GLT of these isotypes [8] . As shown in (Fig. 1c) , each C H gene is composed of a germline transcription unit, in which transcription initiates from a promoter 5' of the I exon and proceeds through the S region, producing a transcript that undergoes polyadenylation downstream of the C H exons (Fig. 2a) . Numerous studies have indicated that GLT is required for CSR and always precedes CSR [11] . However, the actual role of GLT in the regulation of CSR remains elusive. One simple possibility is that it contributes to establishing the accessibility of chromatin to class switch recombinase. The degeneracy of the S region, the specific nature of the S region and the absence of consensus recombination signal sequences have led to speculation that transcription-coupled changes might provide a specific structure that can be recognized by class switch recombinase (Fig. 2b) .
ACCESSIBILITY CONTROL IN VDJ RECOMBINATION
The numerous observations on locus-specific, allelespecific, cell type-specific and gene segment-specific regulation of VDJ recombination raise the question, how is Fig. (3) . Accessibility control of VDJ recombination. a. VDJ recombination is regulated through targeted changes in chromatin accessibility, thereby providing an explanation for the cell-type specificity and developmental specificity of this process. Although there might be a complex regulatory network controlling locus accessibility in VDJ recombination, we only focused on the histone tail modifications by acetylation and methylation of histone H3 and H4 in this figure. a. RAG protein complex can access the RSS when the N-terminal tails of histones H3 and H4 are hyperacetylated, usually accompanying the expression of germline transcript. b. RAG protein complex cannot access the RSS when the H3-K9 is methylated.
this regulation achieved? A conceptual framework for answering this question is provided by the "accessibility model" proposed by Yancopoulos et al. [26] . First, the link between transcription and recombination suggests that transcription itself might serve to open the locus, making it accessible [26, 27] . However, there are some exceptions to such linkage [28] [29] [30] [31] . Such discordance between transcription and recombination suggests that transcription is not always sufficient and necessary to open a locus for VDJ recombination. Then what are the actual changes that render a locus accessible to RAG proteins? In this regard, Stanhope-Baker et al. provided a striking example of chromosomal control of accessibility [32] . They introduced RAG proteins into isolated nuclei derived from various cells at differing developmental stages and detected VDJ cleavage appropriately at the loci in a developmental stage-and cell type-specific manner. These data indicate that factors tightly bound to DNA or changes in the chromatin structure regulate the accessibility of the loci to RAG proteins. Recent studies of transcriptional regulation indicate that chromatin structure can be altered in various different ways, such as covalent modification of histones and the actions of ATP-dependent chromatin remodeling factors [33] [34] [35] [36] [37] . Among these factors, McMurray et al. showed a striking correlation between hyperacetylation of the N-terminal tails of histones H3 and H4 and the active rearrangement status of the TCR locus [38] . This hyperacetylation is cell-lineage and developmental-stage specific (Fig. 3a, 3b) . Numerous subsequent studies have supported this conclusion [39] [40] [41] [42] [43] [44] [45] [46] [47] . Chowdhury et al. demonstrated that IL-7-dependent stepwise activation of recombination at the heavy chain locus is linked to histone acetylation there (Fig. 4) [6, 41, 42, 48] . However, Hesslein et al. found that in Pax5-deficient B cells, transcription and acetylation remain intact, yet recombination is blocked (Fig. 4) Fig. 4) [50] . This observation is consistent with a previous study in which H3-K9 methylation works to down-regulate VDJ recombination (Fig. 3b) [51] . In addition, antisense genic and intergenic transcription is observed at the V H locus at this stage (Fig. 4) [52] . It would be very interesting to know the relationship between Pax5 and the antisense transcript. Furthermore, it has also been suggested that Ezh2 and Brg-1 regulate VDJ recombination [47, 53] . These observations indicate that a complex regulatory network involving regulation by acetylation as well as other mechanisms controls the locus accessibility in VDJ recombination (Fig. 4) . 
ACCESSIBILITY CONTROL IN CLASS SWITCH RECOMBINATION
link between histone acetylation and SHM [68] . They used the BL2 Burkitt's lymphoma cell line, which can be induced to undergo SHM by stimulation with anti-IgM and helper T cells, and observed enhanced acetylation of H3 and H4 at the V region but not the C region in stimulated cells. In addition, they demonstrated that forced expression of AID or hyperacetylation of the histone at the C region can induce mutation at the C region (Fig. 5a, 5b) . These results indicate that the target specificity of SHM is regulated, at least in part, by histone acetylation.
In CSR and SHM, the importance of the promoter and enhancer elements and the induction of target locus transcription through the action of promoter and enhancer elements has been confirmed in many ways [11, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . In addition, several studies have shown that the rate of mutation or the frequency of CSR is roughly proportional to the rate of transcription [64] [65] [66] [67] . However, in both cases, the exact functional consequences of the transcription reaction or the transcript itself have not been clarified yet. Considering the important role of histone modification in controlling VDJ recombination described above, similar modifications might be critical in controlling accessibility in CSR and SHM. In this regard, recently Woo et al. reported a striking Recently, the involvement of histone acetylation in the regulation of CSR was suggested by Drouin et al. [69] . Late SV40 factor (LSF), which interacts with histone deacetylase and corepressor Sin3A, binds to S regions and suppresses CSR in resting B cells. Upon B cell activation, LSF's ability to bind to the S region is lost. Furthermore, a dominant-negative form of LSF enhances the efficiency of CSR in I.29µ-cell lines. However, the actual involvement of histone acetylation in the regulation of CSR has not been examined. In this regard, we found a strong correlation between histone acetylation and recombination target selection in CSR [70, 71] : we found specific enhancement of histone acetylation at the γ 1 and ε S regions in splenic B cells treated with LPS and IL4 (which induces CSR to IgG1 and IgE). In addition, the ε S region was specifically deacetylated as a result of additional stimulation with TGF-β1, which is a specific inhibitor of CSR to IgE, but not to IgG1. This inhibitory effect on the acetylation at the ε S region was not observed in Id2-deficient B cells. These results also support the involvement of histone acetylation in the regulation of CSR, because TGF-β1 inhibits IgE CSR via Id2 [72] . These results also indicate that germline transcription is required for S region acetylation, because Id2 inhibits IgE CSR through the inhibition of E2A-binding to the ε germline promoter. If histone acetylation solely regulates CSR target, is the role of germline transcription to up-regulate the acetylation of histone at the S region? To address this, we added the histone deacetylase inhibitor trichostatin A to cells cultured with LPS, IL4 and TGF-β1. This treatment prevented TGF-β1-mediated inhibition of εS H3 acetylation but did not rescue εGLT or IgE CSR (Fig.  6a, 6b) . This indicates that H3 acetylation is insufficient to induce CSR, and that GLT is also required for this induction. This conclusion is consistent with the previously noted hypothesis that GL transcription or GLT itself functions in CSR.
is accumulated at the single-strand S regions within the Rloop, which is generated by transcription. Then AID is deposited at S regions through its interaction with RPA. However, there is no direct evidence that the transcription machinery actually recruits AID to target S regions.
Chaudhuri et al. demonstrated further that endogenous AID also associates with transcribed S region chromatin [80] , as we observed. In contrast, Begum et al. demonstrated that AID doesn't associate with the transcribed Sµ region [81] . How can we explain this discrepancy? We propose that the Sµ region and the other downstream S regions play different roles in CSR. In contrast to VDJ recombination, in which both recombination sites are selected, CSR occurs between Sµ and the other downstream S regions. Therefore target selection occurs only at the downstream S regions. If so, the initial events that promote CSR can start at the downstream S regions, and depend on the accumulation of AID. The Sµ region might possess only the acceptor function needed to complete CSR (Fig. 6c) .
Recently, a striking finding was provided by Begum et al. [81] . They showed that uracil DNA glycosylase (UNG) activity is not required for CSR. This is a key finding, because UNG has been speculated to be the actual initiating enzyme that induces DNA breaks in CSR [82] . In a widely accepted current working model, AID converts deoxycytidine to deoxyuridine at the transcribed S regions, and subsequently deoxyuridine is removed by UNG and then APE1 creates a nick. In agreement with this model, UNGdeficient B cells showed a defect in CSR. However, Begum et al. showed that the formation of DSB repair foci is not perturbed when UNG activity is blocked with an UNGinhibitor, Ugi, indicating that UNG acts downstream of DSB formation. Thus, their finding cannot support current model of CSR, in which AID works on DNA to generate deoxyuridine to provide the substrate to UNG. In this regard, we should reconsider the actual role of AID in CSR and SHM [83] .
ROLE OF GERMLINE TRANSCRIPTION
As described above, we confirmed the important role of GLT in controlling accessibility in CSR. Then, what type of access to the target S regions is controlled, and what is the exact role of GLT in this regulation? Several lines of evidence indicate that AID acts directly on DNA as a DNAcytidine deaminase. Peterson-Maht et al. showed that forced expression of AID in Escherichia coli induced mutations in several bacterial genes [73] . Several biochemical studies have also indicated that AID is a ssDNA deaminase that converts deoxycytidine residues to deoxyuridine on target DNA [74] [75] [76] [77] . Furthermore, double-stranded S regions became good AID substrates when transcribed in vitro [74, 78] . Based on these observations, we speculated that control of target locus accessibility to AID might determine the initiation of CSR. To determine whether AID is present in the switch region in a transcription-coupled manner, we performed chromatin immunoprecipitation (ChIP) assays of AID-transduced splenic B cells. As expected, we found that AID is directly associated with the transcribed S region chromatin in splenic B cells undergoing CSR [70, 71] .
REGULATION OF AID GENE EXPRESSION
Increasing evidence has suggested that AID expression alone is sufficient to induce SHM and CSR in B cell hybridomas, T cells, and fibroblasts. These observations also indicate that AID could act as mutator, if the negative regulation systems controlling AID were disrupted. On the other hand, AID is the only known factor indispensable for CSR and SHM, both of which are required for the proper functioning of B cells to produce high affinity antibodies with different effector functions. In normal B cells, AID expression is tightly regulated in an activation-dependent manner under conditions in which SHM and CSR take place. Zhou et al. and Dedeoglu et al. showed that CD40-and IL-4-signals induce AID expression via a pathway involving NFκB and STAT6 [84, 85] . These factors are well-known central players in the B cell activation program and required for CSR induction, so their observations are very convincing. In addition, Seyegh et al. showed that the E2A gene product induces transcription of AID [86] . This finding also supports the activation-dependent expression of AID, because the time-course of the level of the E2A gene What, then, recruits AID to the target S regions? Previously, Peters et al. postulated that a mutator factor is associated with a transcription complex in SHM [79] . To address this hypothesis, we performed immunoprecipitation experiments using AID-transduced splenic B cells and found that AID associates with RNA polymerase II in activated splenic B cells [70, 71] . This result suggests that the transcription complex might recruit AID to S regions, as has been proposed previously [18, 79] . Recently Chaudhuri et al. showed that the 32kDa subunit of RPA, a single-strand-DNA-binding protein involved in replication, recombination and repair, interacts specifically with AID from activated B cells in a phosphorylation-dependent manner [80] . Taking these results into account, a reasonable scenario of the events at S regions in activated B cells is as follows: Transcription machinery runs through S regions while carrying AID. RPA product is consistent with the expression of the AID transcript [87, 88] . This finding also supports the negative role of Id proteins in the regulation of CSR [89] [90] [91] [92] [93] . Obviously, expression of AID is restricted to B cells, and thus other factors should also be involved in its regulation. In this context, we found that Pax5 is a positive regulator that induces AID gene expression [88] . Time-course analysis of Pax5 protein also supports the involvement of Pax5 in AID gene expression. We further confirmed the correlation between AID expression and Pax5 occupancy at the AID locus. In addition, we demonstrated that Id2 actually inhibits AID expression in vivo through the inhibition of Pax5 activity, as previously suggested [94] . Again, our findings and those of Seyegh et al. can explain why forced expression of Id proteins inhibits CSR (Fig. 7) [93] . regions), not to other transcribed loci in activated B cells? And, how is the AID gene expression turned off after activation? Extensive further studies will be required to address these issues.
In VDJ recombination, various histone modifications play a dominant role in accessibility control. This might also be true in the cases of SHM and CSR. In CSR, germline transcription is further required to recruit AID to the target S regions, and to make single-strand DNA for providing binding sites for RPA. Thus, the function of germline transcription in CSR is somewhat different from that in VDJ recombination. However, several studies indicate that in addition to GLT, there might be other levels of regulation controlling CSR [13, 95] . Two of the most important questions about such regulation are: How is recombinase complex targeted to the specific loci (S
